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BSTRACT 

ancer cells often e xperience lar ge-scale alterations 

n genome architecture because of DNA damage and 

eplication stress. Whether mutations in core reg- 
lators of chromosome structure can also lead to 

ancer -pr omoting loss in genome stability is not 
ull y under stood. To address this question, we con- 
ucted a systematic analysis of mutations affect- 

ng a global regulator of chromosome biology –the 

MC5 / 6 complex– in cancer genomics cohorts. Anal- 
sis of 64 959 cancer samples spanning 144 tissue 

ypes and 199 different cancer genome studies re- 
ealed that the SMC5 / 6 complex is frequently al- 
ered in breast cancer patients. Patient-derived mu- 
ations targeting this complex associate with strong 

henotypic outcomes such as loss of ploidy control 
nd reduced overall survival. Remarkably, the phe- 
otypic impact of several patient mutations can be 

bserved in a heterozygous context, hence pr o viding 

n explanation for a prominent role of SMC5 / 6 mu- 
ations in breast cancer pathogenesis. Overall, our 
ndings suggest that genes encoding global effec- 
ors of chromosome architecture can act as key con- 
ributors to cancer development in humans. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

ccura te replica tion, repair and segrega tion of genomic 
NA are essential processes for normal cell growth and 

aintenance of genome stability. Failure to execute these 
rocesses accurately leads to genome instability and dis- 
ase states in humans and other organisms ( 1 ). In partic- 
lar, a compelling body of evidence indicates that numer- 

cal as well as structur al alter ations of chromosomes can 

ct as key initiating e v ents in the de v elopment of cancer
nd other se v ere illnesses ( 1–4 ). Thus, proteins that play 

ignificant roles in upholding genome stability –namely, 
NA repair and cell cycle checkpoint proteins– are of- 

en the ones that are found to be mutated in the genomes 
f cancer patients ( 5 , 6 ). It is perhaps surprising, howe v er,
hat much less is known regarding the role of global effec- 
ors of chromosome structure / morphogenesis in cancer de- 
elopment, especiall y w hen considering the prevalence of 
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chromosome-le v el changes in the genomes of cancer pa-
tients (e.g. ∼90% or more aneuploidy). 

Structural Maintenance of Chromosome (SMC) protein
complex es ar e r esponsible for the lar ge-scale or ganization
of the genetic material within cells (re vie wed in ( 7–10 )).
The SMC family includes the well-characterized cohesin
(SMC1 / 3) and condensin (SMC2 / 4) complexes as well as
the mor e r ecently identified SMC5 / 6 complex. In eukary-
otes, cohesin maintains proximity and alignment of sis-
ter chromatids whereas condensin is associated with the
compaction / morphogenesis of chromosomes during cell
division ( 7 , 10 ). Recent studies have shown that several can-
cer types harbor rare mutations in cohesin and condensin
complexes supporting their role in suppression of tumori-
genesis ( 11–13 ). Whether they contribute more broadly to
oncogenesis remains to be established. 

The SMC5 / 6 complex has important roles in di v erse
cellular processes affecting chromosome integrity through-
out the cell cycle. Its main functions include the repair
of DNA double strand break and stabilization of stalled
replication forks (re vie wed in ( 8 , 9 )). Furthermore, the
NSMCE2 / Mms21 subunit of the SMC5 / 6 complex sumoy-
lates multiple chromosome proteins via its E3 SUMO ligase
activity ( 9 , 14–16 ) and is involved in the alternate lengthen-
ing of telomeres (ALT) maintenance pathway ( 17 , 18 ). We
(and others) have found that the SMC5 / 6 core complex
is a structure specific DNA binding enzyme ( 19–23 ) that
promotes genome stability via its DNA compaction activ-
ity ( 24 , 25 ). Due to its major role in upholding genomic
integrity, misregulation of the SMC5 / 6 complex often re-
sult in abnormal cellular growth and se v ere chromosomal
abnormalities (re vie wed in ( 8 , 9 )). This raises the intrigu-
ing possibility that alterations in the components of the
SMC5 / 6 complex might be associated with cancer de v elop-
ment and other tumorigenic processes in humans. So far,
v ery fe w reports hav e e xplor ed whether misr egulation of
the SMC5 / 6 complex might be directly responsible for can-
cer de v elopment in humans ( 17 , 26 ). The components of the
SMC5 / 6 comple x hav e been shown to be upregulated or al-
tered in some cancer types (e.g. hepatocellular carcinoma
( 27 , 28 ), sarcoma ( 29 ), breast cancer ( 30 ) and brain metasta-
sis ( 31 )). Howe v er, it is currently unknown if these changes
are passenger mutations or play a greater role in trigger-
ing oncogenesis in patients. This highlights the need for sys-
tematic studies to better define the significance of SMC5 / 6
complex alterations in cancer etiology and patient survival.

To fill this knowledge gap, we performed an integrati v e
analysis of cancer genomic data ( 32 ) to identify the fre-
quency and nature of cancer-associated alterations in the
components of the SMC5 / 6 complex. Our phenogenomics
analyses re v ealed that genes encoding the subunits of the
SMC5 / 6 complex ar e fr equently alter ed in br east as well
as other types of human cancers. Importantly, these alter-
ations are associated with se v ere ploidy aberrations and
lower ov erall survi val ra tes in pa tients. Extensi v e validation
of the phenotypic effects associated with genetic variants of
unknown significance (VUS) re v ealed a range of mutational
se v erity, from mild to se v ere growth defects for point mu-
ta tions af fecting conserved functional domains, to lethality
with alleles that truncate SMC5 / 6 components. Our results
unrav el a pre viousl y undera pprecia ted pa ttern of frequent
alterations in the components of the SMC5 / 6 complex in
cancer genomes. 

MATERIALS AND METHODS 

Cancer cohort analysis 

Cancer genomics and patient survival data was ob-
tained from the cBioPortal for Cancer Genomics ( https:
//cbioportal.org ) w e b r esour ces on August 2022 ( 32 ). Ob-
tained data contained 64 959 samples from 199 studies and
145 tissue types (577 tissue subtypes). During the quality
control steps , duplicated samples , pediatric cancer cohorts
and cohorts with samples size < 20 wer e r emov ed. Ne xt, we
selected patient samples for which mutation, copy-number
alteration (CNA), and structural variation (SV) informa-
tion was available. The final dataset contains 29 316 sam-
ples from 33 tissue types and 100 studies. Data process-
ing, analysis and visualization was performed on R statis-
tical software (version 4.2.2) using packages ggplot2 (ver-
sion 3.4.0), ComplexHeatmap (version 2.14.0) and circlize
(version 0.4.15). In the analysis, the SMC5 / 6 complex was
consider ed alter ed if any of the genes encoding its con-
stituents ( NSMCE1 , NSMCE2 , NSMCE3 , NSMCE4A ,
SMC5 , SMC6 and EID3 ) had alteration. Survival analy-
sis was performed using R package survi val (v ersion 3.4-
0) and survminer (version 0.4.9). Kaplan–Meier plots were
used for visualization of survival differences and log-rank-
test was used to estimate statistical significance. 

Variation allele frequency analysis of patients with
SMC5 / 6 complex mutations was performed on the TCGA
da taset. Muta tion allele frequency files were downloaded
using the TCGAbiolinks (version 2.25.3) package ( 33 ) for
the samples containing point-mutation in SMC5 / 6 com-
plex components. We then calculated the variation allele fre-
quency (VAF) using the formula: 

VAF = 

f altered 

f altered + f r efer ence 

where f altered is the frequency of the DNA sequence reads
with the genomic alteration, and f r efer ence is the frequency of
the r efer ence DNA sequencing reads without genomic al-
terations. A variant is generally considered to be homozy-
gous if its VAF is > 50%, meaning that more than half of the
sequencing reads support the variant allele. We then visual-
ized the VAF values of all patients with recorded SMC5 / 6
complex alteration using ggplot2 (version 3.4.0). 

Differential gene expression and pathway analysis 

Differential gene expression analysis of microarray data was
performed using limma package (version 3.52.4) ( 34 ). For
RNAseq based gene expression data, edgeR package (ver-
sion 3.40.0) ( 35 ) was used, and data were fitted using the
GLM method ( 35 ). Gene expression data for METABRIC
( 36 ) study was obtained using the MetaGxBreast package
(version 1.18.0) ( 37 ). STAR aligner ( 38 ) based The Can-
cer Genome Atlas (TCGA) ( 39 ) RNA-Seq data was down-
loaded using the TCGAbiolinks package (version 2.25.3)
( 33 ). 

Gene ranking based on the log fold change values were
utilized for gene set enrichment analysis. We obtained the

https://cbioportal.org
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anonical pathways (version 7.5.1) from the Molecular Sig- 
a tures Da tabase (MSigDB). Pa thways with number of 
enes < 25 and > 150 were removed from the analysis. R 

ackage fgsea (version 1.25.0) was used for gene set en- 
ichment analysis and statistical significance ( P -value) for 
ach pathw ay w as estimated using adapti v e multi-le v el split

onte-Carlo scheme ( 40 ). False discovery rate (FDR) was 
sed for P -value adjustment of multiple hypothesis test- 

ng. P athways wer e categorized into groups such as DNA 

 eplication and r epair, cancer-specific, cell cycle-related, 
etabolic, signaling, extracellular matrix, immune pathway 

ased on semantic analysis ( 41 ). Enriched pathway net- 
ork was constructed where node represents pathways and 

dge r epr esents number of shar ed genes between pathways. 
odes were connected only when more than 20 genes were 

hared between nodes. Visualization of network was done 
sing igraph package (version 1.3.5). 

omparative analysis of SMC5 / 6 alterations with known ef- 
ectors of genomic instability 

o-muta tional pa ttern of SMC5 / 6 complex was analyzed 

gainst se v eral genomic stability rela ted genes. Muta tion, 
opy-number alteration (CNA), and structural variation 

SV) inf ormation f or these genes were downloaded from 

he cBioPortal w e b server. We then compared the co- 
uta tional pa tterns of the SMC5 / 6 complex against the 

enomic instability genes using the co-mutation frequency 

able. For the analysis we computed false discovery rate 
FDR) ( 42 ) of co-mutation pattern. FDR was defined as: 

FDR = 

FP 

TP + FP 

here FP is false positi v e (number of samples with alter- 
tion in genomic instability gene and wild-type SMC5 / 6 

ene), and TP is true positi v e (number of samples with alter- 
tion in both genomic instability and SMC5 / 6 genes). This 
nalysis was performed for each SMC5 / 6 complex gene 
nd genomic stability gene pair. Pie chart was used for co- 
utation frequency visualization. 
We also compared the transcriptional signature associ- 

ted with SMC5 / 6 complex alteration against genomic in- 
tability related transcriptional signatures. For this analy- 
is, we first performed differ ential gene-expr ession analysis 
etween samples with high and low genomic instability. If 
t least three of 12 essential genomic stability genes were 
utated, cancer samples were labeled as exhibiting high ge- 

omic instability. Log fold change (LFC) values associated 

ith genomic stability wer e compar ed to LFC values asso- 
iated with SMC5 / 6 complex changes for all genes. 

utation profile analysis 

ollipop plots of different mutation profiles for respecti v e 
enes in all cancers were generated by the mutation mapper 
n cBioPortal. Evolutionary conservation of the mutations 
n SMC5 / 6 complex subunits wer e compar ed in 5 species,
acchar om y ces cer e visiae (b udding yeast), Sacchar om y ces
ombe (fission yeast), Xenopus laevis (frog), Drosophila 

elanogaster (fruit fly), Homo sapiens (human). The amino- 
cid sequence of eukaryotic homologs of SMC5 / 6 complex 
ubunits were acquired from Uniprot ( https://www.uniprot. 
rg/ ). The amino acid sequences of the genes were aligned 

n the Clustal Omega sequence alignment tool ( https://www. 
bi.ac.uk/Tools/msa/clustalo/ ). Additionally, the conserved 

mino-acid r esidues wer e shaded with Boxshade online tool 
 https://embnet.vitalit.ch/software/BOX form.html ). 

east strains and cell viability assay 

ll y east str ains used in this stud y are deriva tives of strain
699 / K700. The genotype of the y east str ains used in the

tudy are listed in supplementary information (Supplemen- 
ary Table S1). Yeast growth conditions, media composition 

nd procedures for genetic analysis can be found elsewhere 
 43 ). For experiments performed under conditions of DNA 

amage or replication stress, yeast cultures were grown on 

olid medium containing methyl methanesulfonate (MMS), 
-nitroquinoline 1-oxide (4-NQO) and hydroxyurea (HU) 
 t 23 

◦C , 30 

◦C and 37 

◦C . Tempera ture and DNA damage
ensitivity were monitored for all mutants created in this 
tudy because se v eral DN A repair / homolo gous recombina- 
ion mutants show sensitivity to both types of stress ( 44 , 45 ).
n summary, 5-fold dilution series of wild-type and mutant 
east cultures (first spot on the left side of the plate corre- 
ponds to a culture at OD 600 of 0.2) were spotted on solid 

PD (y east extr act, peptone, 2% glucose) and grown in 

empera ture-controlled incuba tors for 48–72 h before scan- 
ing the plates in a scanner ( 46 ). All the experiments were 
epeated a minimum of three independent times, and we 
how r epr esentati v e r esults in figur es. 

lasmid and mutant construction 

east strains expressing cancer-specific gene truncations 
er e cr ea ted by integra tion of a T ADH1 -kanMX6 or 
 ADH1 ::URA3MX6 cassette at the desired point of trun- 
ation in the endogenous loci of genes encoding the 
MC5 / 6 complex subunits. Heterozygous diploid strains 
arrying these truncation alleles were then sporulated 

n minimal media and the viability of the dissected 

aploid spores was determined after 4 days of growth 

n solid medium. Missense mutations were initially in- 
roduced in plasmids ( pFA6a-ORF::T ADH1 ::kanMX6 or 
FA6a-ORF::T ADH1 ::URA3MX6 ) carrying SMC5 , SMC6 , 
SE1 , MMS21 , NSE3 or NSE4 genes using QuikChange 
ulti Mutagenesis kit (Agilent). Mutant alleles of the re- 

pecti v e genes were then transformed into wildtype diploid 

 east str ain at the relevant endogenous loci by transfor- 
ation of a PCR product from the region of interest in 

he respecti v e mutagenized plasmids. Heterozygous diploid 

trains carrying these missense mutation alleles were then 

porulated and dissected to determine the phenotype of the 
 utant ha ploid strains. All the m utations in the ha ploid m u-

ants were confirmed by sequencing the respecti v e genetic 
oci. 

mmunoblot analysis 

ell lysates were prepared from exponential cultures of 
east grown at 23 

◦C or 37 

◦C using the TCA glass-bead 

https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://embnet.vitalit.ch/software/BOX_form.html
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method ( 47 ). Lysates were subsequently resolved by SDS-
PAGE and processed for immunoblot analysis using anti-
Mcm4 antibody (clone C-12; 1:500 dilution; Santa Cruz
Biotechnology; sc-166036), anti-Myc antibody (clone 9E10;
1:2500 dilution; Cedarlane; GTX20032), anti-Pgk1 anti-
body (clone 22C5D8; 1:2500 dilution; Abcam) and an anti-
mouse IgG antibody (1:5000 dilution; Cytiva). Band inten-
sity on immunoblots was measured using Adobe Photo-
shop (version 2022). Data ar e pr esented as means ± SEM.
All statistical analyzes were performed using GraphPad
Prism 7 (GraphPad Software Inc.) and statistical signif-
icance threshold was set at P -value = 0.05. Where indi-
cated in figure legends, we performed multiple t -tests com-
paring the mutants to the wild-type for either temperature,
P -values wer e corr ected by Bonferroni multiple corr ection
method. 

RESULTS 

Subunits of SMC5 / 6 complex are frequently altered across
different cancer types 

The components of the human SMC5 / 6 complex assem-
ble into a ring-like complex similar in configuration to that
of cohesin and condensin, the defining members of this
family of proteins ( 8 , 9 ) (Figure 1 A). The ring structure of
the complex is formed by the dimerization of two SMC
proteins, SMC5 and SMC6, and their association with a
group of accessory subunits named NSMCE1, NSMCE3
and NSMCE4A / EID3. Additionally, the human SMC5 / 6
complex comprises an E3 SUMO ligase, NSMCE2 (also
known as Mms21 / Nse2) ( 14 , 15 ), which interacts with the
coiled-coil domain of SMC5 (Figure 1 A) ( 48 , 49 ). 

We analyzed 64 959 cancer samples spanning across 144
tumor types and 199 different cancer genome studies for
evidence of genetic alterations in the seven genes encod-
ing the known components of the SMC5 / 6 complex (Fig-
ure 1 A). Genomic alterations including structural variation
(SV), mutations, and copy-number alterations (CNA), at
the SMC5 / 6 complex were investiga ted. After da ta prepro-
cessing and quality control, we deri v ed 29 316 high-quality
cancer sample profiles across 34 tumor types including lung
cancer ( N = 6745), breast cancer ( N = 6709), and prostate
cancer ( N = 2791) (Figure 1 B and Supplementary Figure
S1). Analysis of the curated dataset re v ealed that genomic
alteration of the SMC5 / 6 complex is present in 10.9% of all
cancer samples. 

Stratifying by tissue of origin re v ealed that genetic al-
tera tions af fecting SMC5 / 6 complex components are most
prev alent in ov arian cancer (21.4%) followed by breast
(18.1%) and endometrial cancer (14.5%). Analysis of cooc-
curr ence patterns r e v ealed tha t the majority of pa tients
have alteration in only one gene encoding members of the
SMC5 / 6 complex and NSMCE2 / NSMCE1 have high fre-
quency of coexisting mutation (Figures 1 C and 2 ). The gen-
eral trend of SMC5 / 6 subunit alterations we observed in
individual cancers (Figure 2 ) is similar to the trend we ob-
served in aggregate (Figure 1 ). Namely, amplification of
NSMCE2 is the most common genomic alteration, except
in endometrial cancer where missense mutations are preva-
lent (Supplementary Figure S1). Genomic alteration of
NSMCE2 is dominant in breast, prostate, and ovarian can-
cer while alteration in SMC5 and SMC6 genes are highly
prevalent in lung, melanoma, bladder, and endometrial can-
cer (Figure 2 ). To determine the zygosity of SMC5 / 6 com-
plex mutations, we conducted a variant allele frequency
(VAF) analysis of cancer alterations affecting the subunits
of the complex. Only 0.4% of samples had biallelic mu-
tations (VAF > 0.5) in any of the SMC5 / 6 complex sub-
units, showing that the vast majority of SMC5 / 6 complex
mutations are heterozygotes (Figure 3A; one tail t -test P -
value < 0.0001). 

Ne xt, we e valuated w hether m utations in the SMC5 / 6
complex ar e dir ectl y linked to m utations in genomic
stability-r elated genes (Figur e 3 B). We analyzed co-
muta tions pa tterns between genes encoding the SMC5 / 6
complex and key genes associated with genome stability
and computed false discovery rate (FDR) for each com-
bination. We did not observe statistically significant co-
muta tion pa tterns (all FDR > 0.05). We discovered that the
TP53-SMC5 / 6 complex co-mutation rate was the highest.
This was expected (and not statistically significant) given
the high prevalence of TP53 mutation in cancer. These re-
sults strongly suggest that genetic alterations affecting the
SMC5 / 6 complex are not directly dri v en by mutations in
genomic stability-related genes. 

Genomic alteration in SMC5 / 6 complex is associated with
aggressive disease 

To understand the effect of SMC5 / 6 complex alterations on
aggressi v e cancer, we performed an in-depth analysis of its
association with ploidy score and survival outcome (Figure
4 ). We focused on breast cancer, as it has the highest num-
ber of samples with the SMC5 / 6 complex alterations (Fig-
ure 2 ). Analysis of breast cancer genomes re v ealed that indi-
viduals harboring the SMC5 / 6 complex alteration have sig-
nificantly higher aneuploidy scores (Figure 4 A, Wilco x on
signed-rank test P -value = 3 × 10 

−4 ) and ploidy scores (Fig-
ure 4 B, Wilco x on signed-rank test P -value = 1 × 10 

−6 ). This
association with high aneuploidy and ploidy scores was
also observed in cancer genomes from individuals carry-
ing NSMCE2 alterations. Analysis of male-specific prostate
cancer data showed a similar trend (Supplementary Fig-
ure S2), suggesting that high aneuploidy and ploidy scores
are likely due to SMC5 / 6 complex alterations. Survival
analysis using Kaplan–Meier (KM) plots shows that pa-
tients with altered SMC5 / 6 complex had significantly lower
ov erall survi val rates compared to patients with normal
SMC5 / 6 complex components (Figure 4 C, Log-rank P -
value = 6.0 × 10 

−4 ). We also observed that the NSMCE2
altera tion is associa ted with significantly worse patient sur-
vi val relati v e to indi viduals carrying wild-type NSMCE2
(Figure 4 D, Log-rank P value = 1.0 × 10 

−5 ). 
We observed a consistent pattern while stratifying the

genomic alterations into categories. The amplification of
SMC5 / 6 complex genes were associated with higher ane-
uploid y and ploid y score and poor pa tient survival (Sup-
plementary Figure S3). The same holds true for NSMCE2
gene amplification. Point mutation to ploidy score analy-
sis was not possible due to a lack of data. Howe v er, sur-
vi val analysis unequi vocally demonstra tes tha t muta tions



NAR Cancer, 2023, Vol. 5, No. 3 5 

A B

C

N
um

be
r o

f p
at

ie
nt

s 1000

100

10

1

10
00 10
0 10 1

Set size

NSMCE2

SMC6

SMC5

NSMCE1

NSMCE3

NSMCE4A

EID3

% of samples with alteration
0 10 20 30 40 50

Ovarian 21.4% (n=1213)

Breast 18.1% (n=6709)

Endometrial 14.5% (n=1026)

Esophagogastric 13.2% (n=1875)

Melanoma 12.1% (n=2447)

Prostate 11.1% (n=2791)

Hepatobiliary 8.8% (n=2251)

Bladder 6.5% (n=1903)

Pancreatic 5.6% (n=2356)

Lung 4.4% (n=6745)

N
SM

C
E2

SMC5 SMC6

NSMCE4A
/EID3

NSMCE1 NS
M

CE
3

Figure 1. Genetic alterations affecting the subunits of the SMC5 / 6 complex in human cancers. ( A ) Schematic r epr esentation of the SMC5 / 6 complex. 
Note that the NSMCE4A subunit is replaced by EID3 in male gonads ( 88 ). ( B ) Bar chart showing the frequency of SMC5 / 6 complex alteration in cancer. 
For visualization, 10 tissue types with the highest frequency of SMC5 / 6 complex alteration were chosen. ( C ) UpSet plot of the distribution of genomic 
alteration of each subunit of the SMC5 / 6 complex in the 10 major cancer tissue types reported herein. Number of patients (y-axis) are shown using 
logarithmic scale. 
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in the SMC5 / 6 complex result in worse prognosis, e v en
when compared to amplification (Supplementary Figure
S3B). The difference in overall patient survival in cohorts
of patients carrying wild-type and altered SMC5 / 6 com-
plex components was also observed in individuals with
prostate and ovarian cancer (Supplementary Figures S2 and
S4, respecti v ely). Ov erall, our analyses show that the al-
terations in the genes encoding the SMC5 / 6 complex are
linked to high cellular ploidy and are associated with poor
prognosis with NSMCE2 being the most frequent target of
alteration. 
SMC5 / 6 complex alter ation ar e linked to DNA damage and
r eplication str ess 

Differential gene expression analysis was performed to dis-
cover genes that are linked with SMC5 / 6 complex alteration
in breast cancer (Figure 5 A and Supplementary Figure S5).
We found that se v eral key genes involv ed in DNA damage
repair, cell cycle and DNA replication were differentially ex-
pressed in the SMC5 / 6 complex alteration group (Figure
5 B). Gene RAD54B , a member of DEAD-like helicase su-
perfamily was upregulated in SMC5 / 6 complex alteration
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group (Figure 5 B). It is known to play an acti v e role in DNA
damage repair and homologous recombination during cell
division ( 50–52 ). CCNE2 (Figure 5 B), a cyclin family gene
and vital component of G1 / S transition during the cell cy-
cle, showed high expression in SMC5 / 6 complex altered
samples ( 53 , 54 ). Similarly, RECQL4 , and MCM4 (Figure
5 B) wer e upr egulated in SMC5 / 6 complex alteration group.
These genes are associated with DNA repair ( 55 ) and repli-
cation ( 56 ) respecti v ely. Genes such as KIF13B , PPP2R2A ,
PARP3, and TP53BP1 were all significantly downregulated
in SMC5 / 6 complex alteration group (Figure 5 B). Inter-
estingly, these genes have been implicated in the negati v e
control of cell growth ( 57 ), maintenance of genomic sta-
bility ( 32 ) and tumor suppressor activity ( 58 ). Therefore,
downregulation of these genes may lead to aggressi v e tumor
phenotype. 
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We also compared the transcriptional signature of
SMC5 / 6 complex modification to the transcriptional sig-
na ture associa ted with genomic stability (Supplementary
Figure S5A). We found that only 84 genes were differen-
tially expressed in both the conditions (i.e. SMC5 / 6 com-
plex alteration and mutation in key genomic stability genes).
This constitutes only 3.72% of all genes that were differen-
tially expressed in SMC5 / 6 complex. Consequently, 96.28%
of the differentially expressed genes in SMC5 / 6 complex
are unique to it. Furthermore, key genes such as RAD54B ,
RECQL4, and MCM4 were uniquely linked to SMC5 / 6
comple x alteration. Ov erall, these results estab lished that
the transcriptional changes associated with SMC5 / 6 com-
plex alteration are independent of the genomic ar chitectur e
abbreviations. 

To explore the pa thways associa ted with SMC5 / 6 com-
plex alteration, we utilized gene-set enrichment analysis
(GSEA) approach. Results re v ealed that the DNA replica-
tion and repair, cell cycle, metabolism, signaling and can-
cer rela ted pa thways are strongly associa ted with SMC5 / 6
complex alteration (Figure 5 C and Supplementary Figure
S6). A similar trend was observed in TCGA prostate can-
cer data (Supplementary Figure S5C). Taken together, these
gene and pathway analyses results highlight a strong link
between SMC5 / 6 complex alteration and DNA damage-
related processes. 

A large number of cancer mutations affect key functional do-
mains of the SMC5 / 6 complex 

In depth analysis of patient cancer genomes included in the
study re v ealed that they harbor a large number of point
mutations in the subunits of the SMC5 / 6 complex (Figure
6 A). An analysis of the spatial distribution of mutations in
the subunits of the SMC5 / 6 complex identified a total of
343 and 326 mutation sites in SMC5 and SMC6 proteins,
respecti v ely, with no major hotspot region in either of the
proteins. R972* nonsense mutation was the most frequently
observed alteration in the SMC5 subunit in multiple can-
cers. Also, the I410Yfs frameshift deletion in SMC6 was
found to be ubiquitously present in different cancer types
(Figure 6 A). Although the non-SMC subunits of SMC5 / 6
complex were also muta ted a t se v eral sites in different can-
cer types, no single mutation were recurring at a higher fre-
quency compared to the SMC core subunits. Importantly,
se v eral of the mutations identified in the SMC5 / 6 core com-
plex and the non-SMC subunits were present on amino-acid
residues which are evolutionarily conserved across several
eukaryotic species (Figure 6 B). Furthermore, in many can-
cers missense mutations affect domains and / or structural
modules of known functional relevance for the SMC5 / 6
complex (e.g. H187Y in the SP-RING domain of NSMCE2
and R229G / Q in the WH-B domain of NSMCE3) (Fig-
ure 6 B). Although most, if not all point mutations reported
here should be viewed as variants of unknown significance
(VUS), it stands to reason that VUS affecting evolutionar-
ily conserved regions of the SMC5 / 6 complex are likely to
disrupt the activity of the complex. Since we do not know
which exact biochemical function of the SMC5 / 6 complex
is affected by the cancer mutations described above, it is im-
portant to investigate the functional impact of each muta-
tion on SMC5 / 6 complex activity. 

Modeling cancer VUS reveals the impact of cancer mutations
on SMC5 / 6 complex activity 

We next sought to assess the functional relevance of can-
cer VUS on the activity of the SMC5 / 6 complex. We took
advantage of the high evolutionary conservation of the
SMC5 / 6 complex in eukaryotes to model the impact of
point mutations in the budding yeast Sacchar om y ces cer e-
visiae . To achie v e this, we selected a group of cancer VUS
affecting conserved amino acid residues at se v eral positions
within the subunits of the SMC5 / 6 complex, focusing on
the known functional domains of each subunit (Figure 6 ).
We then constructed a series of heterozygous diploid yeast
strains carrying cancer VUS at their endogenous loci and
uncovered the phenotype associated with the mutations of
interest after sporulation and dissection of haploid spores
(Figure 7 and Supplementary Table S2). 

The majority of the haploid yeast strains carrying trun-
cating VUS in the components of the SMC5 / 6 complex
were non-viable after sporulation, as evidenced by the 2:2
lethality phenotype co-segregating with each truncation
allele on dissection plates (Figure 7 A). The only viable
truncation mutant obtained in this analysis, mms21-C221* ,
showed se v ere proliferation defects at 23 

◦C and 30 

◦C (rel-
ati v e to a wild-type control strain) and was completely de-
fecti v e for growth at 37 

◦C (Figure 7 B). Even at its permis-
si v e temperature of 23 

◦C, the yeast strain carrying mms21-
C221* was unable to grow effectively on media containing
DNA dama ging a gents (methyl methanesulfonate [MMS]
and 4-nitroquinoline 1-oxide [4NQO]) or a DNA replica-
tion inhibitor (hydroxyurea [HU]; Figure 6 B). The inability
of the mms21-C221* mutant strain to withstand DNA le-
sions as well as its temperature-sensiti v e growth defect are
highly similar to that of a known DNA repair defecti v e mu-
tant of the complex, the smc5-6 mutant (Figure 7 B) ( 59 ). 

Interestingl y, all ha ploid y east str ains carrying missense
mutations were viable after sporulation (Figure 7 C) but
showed variable kinetics of proliferation under standard
and DNA damage conditions. While all the mutants grew
normally on solid medium (YPD) at 23 

◦C, mms21-H202Y
and nse1-C321R mutants appeared to be temperature sen-
siti v e at 37 

◦C and showed poor proliferation on media
containing MMS or HU (Figure 7 C). Likewise, the s mc6-
G1021R mutant was defecti v e for growth at all tempera-
tures tested when exposed to HU or MMS. Although yeast
strains carrying the smc5-E1015K , nse3-K236G and nse4-
P315S alleles showed normal growth phenotypes at the per-
missi v e temperature of 23 

◦C, their proliferation was se v erely
hindered when challenged with HU at the temperature of
37 

◦C (Figure 7 C). In summary, most of the mutant alleles
we tested manifested defects in the functional activity of the
SMC5 / 6 complex that resulted in mild to se v er ely impair ed
growth phenotypes in vivo. A summarizing model of cancer
point mutations and their impact on the functionality of the
SMC5 / 6 complex is shown in Supplementary Figure S7. 

Since, we observed that several key genes in-
volved in DNA damage repair, cell cycle and DNA
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eplication –– especially RAD54B and MCM4 –– are dis- 
incti v ely linked to SMC5 / 6 complex alteration and 

iffer entially expr essed in the SMC5 / 6 complex alteration 

roup (Figure 5 B and Supplementary Figure S5), we 
anted to test if the protein abundance of yeast Rdh54 

human RAD54B homolog) and yeast Mcm4 would be 
ffected in strains carrying cancer-like mutations in the 
MC5 / 6 complex (Supplementary Figure S8). Remark- 
bl y, m utation in glycine 1021 of Smc6 led to a detectable
ecrease in protein abundance of Mcm4 especially at non- 
ermissi v e temperature of 37 

◦C (Supplementary Figure 
8A). Moreover, yeast strain carrying the nse3-K236G 

lleles had slight decrease in Rdh54 protein expression at 
3 

◦C (Supplementary Figure S8B). Together, these results 
ndica te tha t cancer-like muta tions in the yeast SMC5 / 6 

omplex reduce its ability to promote an effective response 
o DNA damage, a phenotype typically associated with 

educed genome stability in eukaryotes. 

ancer mutations in SMC5 / 6 components are haploinsuffi- 
ient for resistance to replication stress 

he majority of the point mutations we identified in 

MC5 / 6 complex components are present in only one al- 
ele of the corresponding gene pair found in cancer sam- 
les (Figure 3 A). If they are to have a significant effect on 

ancer de v elopment, one would e xpect they can act in a 

ominant manner in vivo or, alternati v ely, that loss of a sin- 
le allele of a gi v en SMC5 / 6 component results in haploin-
ufficient phenotypes ( 60 ). To investigate these possibilities, 
e assessed the viability and growth properties of diploid 

 east str ains carrying wild-type and cancer VUS mutations 
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Figure 7. Modeling the phenotype of SMC5 / 6 cancer mutations in Sacchar om y ces cer evisiae . ( A ) The physiological impact of trunca ting muta tions in 
SMC5 / 6 complex components was analyzed by sporulation and dissection of heterozygous diploid yeasts carrying specific mutations in SMC5 / 6 complex 
subunits. ( B ) Impact of the SUMO ligase trunca tion muta tion – mms21-C221* – in the yeast homolog of human NSMCE2. The proliferation capacity 
of yeast strains was monitored by dilution assay on solid medium and growth under combinations of genotoxic and high temperature conditions. ( C ) 
Functional impact of point mutations in the subunits of the SMC5 / 6 complex. Mutant strains were analyzed as in panel (B). 
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n a heterozygous context. Most of the yeast strains co- 
xpressing wild-type and VUS alleles of SMC5 / 6 compo- 
ents showed marked growth defects when exposed to var- 

ous forms of stress (Figure 8 ). For instance, all nonsense 
utant alleles we tested in heterozygous diploid conditions 

howed significant growth defects at 37 

◦C. These defects 
ere substantially exacerbated in the presence of replica- 

ion stress (Figure 8 , middle and bottom HU panels). In- 
erestingly, the defecti v e growth behavior of strains carry- 
ng heterozygous truncation mutations was similar to that 
f strains carrying either a full deletion ( smc5 Δ/ SMC5 ) or 
 previously identified conditional allele ( smc5-6 / SMC5 ) of 
MC5 . These results strongly suggest that e xpression le v els 
f SMC5 / 6 complex components must be tightly regulated 

n vivo to allow full functionality of the complex, and that 
oss of 50% protein is sufficient to induce haploinsufficient 
rowth defects in heterozygous strains. Consistent with this, 
e observed similar growth defects in cells expressing can- 

er missense mutations in SMC5 / 6 complex components 
Figure 8 , Top panel). These results dovetail nicely with 

he morphological haploinsufficiency phenotype observed 

n strains partly defecti v e in the SMC5 / 6 complex ( 61 ).
aken together, these observations suggest that inactivation 

f a single allele of SMC5 / 6 complex components in cancer 
atients is sufficient to impair the activity of the complex 

nd result in sensitivity to replicati v e stress. 
We note that a cancer mutation identified in the 
SMCE1 gene behaved as a dominant mutation when in- 

roduced in yeast. Indeed, a heterozygous diploid strain ex- 
ressing both the wild-type and nse1-H316* truncation al- 

ele (i.e. corresponding to human nsmce1-S222* ) showed 

 dominant temperature-sensiti v e growth defect at 37 

◦C 

Figure 8 , middle panel). The H316 position falls within 

n important Zinc finger domain in the Nse1 protein that 
an affect important functional activities like DNA bind- 
ng, pr otein–pr otein interactions, and various other cellu- 
ar functions ( 62 ). Interestingly, the corresponding amino 

cid residue in humans (Ser222 of NSMCE1) was found 

o be mutated in three individual cancer patients. This 
ndica tes tha t a subset of cancer mutations in SMC5 / 6 com-
lex components may act in a dominant manner to inacti- 
ate the complex and promote tumorigenesis. 

ISCUSSION 

oss of genome stability is a pivotal event that turns 
ealthy cells towards cancerous growth. Whereas the 
ancer-pr omoting r oles of muta tions af fecting DNA re- 
air and checkpoint pathways are well established ( 5 , 6 ), 
he impact of chromosome-le v el defects on tumor de v el- 
pment is much less understood. In particular, how de- 
ects in chromosome morphogenesis (i.e. individualization, 
ompaction and morphology) during mitosis might dri v e 
ncogenic processes remain to be fully elucidated. The diffi- 
ulty in deciphering the contribution of chromosome-le v el 
efects in cancer de v elopment stems in part from the fact 
hat loss of global chromosome regulation during mitosis 
s typically associated with cell death, thus impeding de- 
ailed functional analysis ( 7–10 ). Moreover, when partial 
oss of global chromosome regulation is observed in human 

iseases –– such as in individuals suffering from hypomor- 
hic mutations in SMC complexes –– the associated patho- 
ogical consequences often lead to lethality at an age that 
recedes typical timelines of cancer de v elopment ( 63–65 ). 
hese limitations have considerably hamper ed progr ess in 

nderstanding how global defects in chromosome morpho- 
enesis might impact cancer de v elopment in humans. 

To address the challenge outlined above, we took advan- 
age of mutation-rich datasets provided by large-scale ef- 
orts to sequence human cancer genomes ( 32 ) to understand 

ow alterations in the genes encoding global chromosome 
egulators might impact oncogenesis. We focused our analy- 
is on the SMC5 / 6 complex since this is one of the least well
nderstood effector of chromosome ar chitectur e in eukary- 
tes ( 8 , 9 ). Remar kab l y, our anal ysis re v ealed that compo-
ents of the SMC5 / 6 complex ar e fr equently alter ed in sev-
ral types of human cancers, including breast (18.05%) and 

rostate cancers (11.14%). Our data also shows that can- 
ers carrying co-mutations in multiple subunits of SMC5 / 6 

omplex are rare (1.6%) and alterations in single SMC5 / 6 

omplex genes are not associated with patient age and sex. 
Remar kab ly, our results estab lish tha t altera tions in genes 

ncoding the components of the SMC5 / 6 complex lead to 

oss of genome stability (i.e. higher ploidy score) and ad- 
erse patient survival outcome while demonstrating no de- 
ectable co-mutational patterns with a panel of genes fre- 
uently connected to genome instability. These results are 
onsistent with a recent report by Grange et al. ( 65 ) show- 
ng that a pathogenic variant of the SMC5 / 6 complex as- 
ocia tes with hyperploid y during embryonic de v elopment. 
ur analysis suggests that alterations in the SMC5 / 6 com- 
lex causes hyperploidy in both breast and prostate cancers. 
NA ploidy is known to be prognostic to patient survival 

nd a high ploidy score is an indicator of worse progno- 
is ( 66 , 67 ). Collecti v ely, these results indica te tha t the alter-
tion in SMC5 / 6 complex causes global changes in the sta- 
ility of cancer genomes, leading to an aggressi v e disease 
henotype and poor patient prognosis. 
Our findings also indicate that one of the most frequently 

ffected components of the SMC5 / 6 complex in human 

ancer is NSMCE2, a SP-RING domain protein with E3 

UMO ligase acti vity ( 14 , 15 ). Pre vious e xperiments hav e
hown that this activity is important for DNA repair re- 
ctions ( 14 , 15 , 68 ) and our modeling experiments in bud-
ing yeast show that cancer point mutations in the SP- 
ING domain of Mms21 interfere with the maintenance 
f genome stability after DN A damage. Interestingl y, it has 
een shown that removal of NSMCE2 in human osteosar- 
oma (U2OS cells) and human breast cancer (ER 

+ / PR 

+ : 
CF-7 cells) resulted in significant differences in pheno- 

ypes, including slower cell growth and cell cycle arrest 
 69 , 70 ). Additionally, increased telomerase activity asso- 
iated with heightened cell survival through activation of 
LT pathways, is detected in 90% of prostate carcinomas 

 71 ) and can stem from the amplification of NSMCE2 gene. 
n alignment with this finding, we also observe ubiquitous 
mplification of NSMCE2 in a large fraction of prostate 
nd breast cancers reported in our study. It is notewor- 
hy that the genomic locus for NSMCE2 is located near 
he MYC locus on chromosome 8. We have noticed that 
SMCE2 gene is often co-amplified along with the MYC 

ene in an amplicon containing region 8q24 in cancer pa- 
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Figur e 8. Ha ploinsufficent phenotype of SMC5 / 6 cancer m utations in budding yeast. The impact of specific cancer m utations in the subunits of the 
SMC5 / 6 complex was assessed in heterozygous diploid y easts. The prolifer ation capacity of y east str ains was monitored by dilution assay on solid medium 

in the presence of genotoxic agents and / or temperature stress, as described in the legend. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tients. While it is clear that an increase in MYC abundance
can act as a dri v er for cancer forma tion, it’s amplifica tion on
double minutes (dmin) does not always lead to MYC over-
expression ( 72 ) suggesting that other genes in the 8q24 am-
plicon can contribute to oncogenesis. When NSMCE2 is co-
amplified with MYC in the same cell, we envision that this
would create a highly potent ‘double hit’ scenario because
of the synergy associated with sim ultaneous stim ulation of
MYC’s oncogenic properties and loss of genome stability
(due to SMC5 / 6 comple x inacti vation). Our results provide
primary evidence for this hypothesis. In the MYC-amplified
group, NSMCE2 alteration was associated with poor pa-
tient survival, demonstrating that simultaneous NSMCE2
and MYC modification is associated with a bleak progno-
sis (Supplementary Figure S3A, log-rank P -value = 0.03).
This result further demonstrates the influence of NSMCE2
altera tions on pa tient survival, independent of MYC alter-
ations. Considering the important role of genome insta-
bility as a hallmark of cancer ( 73 ), it seems highly prob-
able tha t misregula tion of the SMC5 / 6 complex can pro-
mote cancer de v elopment as either an independent dri v er
of the process or a cooperator with other oncogenes (such
as MYC ). 

Comprehensi v e analysis of genomic data from cancer pa-
tient databases re v ealed tha t point muta tions and partial
deletions occur frequently in all the subunits of the SMC5 / 6
complex. Prior to our analysis, the functional and tumori-
genic impact of these genetic alterations was unknown,
hence the ‘variant of unknown significance’ (VUS) status
of SMC5 / 6 mutations in cancer databases. To shed some
light on their functional impact and potential role in can-
cer de v elopment, we introduced se v eral of these cancer-
specific muta tions a t their homologous positions in the sub-
units of SMC5 / 6 complex in yeast. Remar kab ly, all but one
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MC5 / 6 subunit truncations led to lethality in yeast after 
porulation and dissection of heterozygous diploid strains. 
nly the deletion of the C-terminus of yeast Mms21 (hu- 
an NSMCE2 homolog) led to a viable but sick yeast strain 

uggesting that e v en a modest loss of amino-acid sequence 
an result in a strong impairment of SMC5 / 6 complex func- 
ion ( 14 ). 

Our genetic analysis of diploid yeast strains carrying both 

ild-type and cancer-specific mutations support the view 

hat expression of a single mutant allele of the SMC5 / 6 

omplex is sufficient to weaken the DNA damage re- 
ponse of yeast. Consistent with this, reducing the abun- 
ance of Smc5 by half led to a detectable proliferation de- 
ect in the smc5 Δ/ SMC5 heterozygous mutant, suggest- 
ng that mild imbalances in the expression of SMC5 / 6 

omplex components can have an impact on the function- 
lity of the complex ( 74 ). Similar results have been ob- 
erved in plants over expr essing HPY2 ( Arabidopsis thaliana 

MS21 / NSMCE2 ) ( 75 , 76 ). It is noteworthy that misregu-
ation (including ov ere xpression) of HPY2 directly impacts 
loidy control in plants (hence the name ‘ High Ploidy2 ’ for 
utants of the HPY2 gene), an important aspect of genome 

tability in all eukaryotes ( 76 ). This observation dovetails 
icely with the hyperploidy phenotype reported by Grange 
nd colleagues in Atel ́ıs syndrome patients carrying muta- 
ions in the components of the SMC5 / 6 complex ( 65 ). Over-
ll, our data suggest that dual allele inactivation of SMC5 / 6 

omplex components is not necessary to promote genome 
nstability and tumorigenesis in pa tients. Haploinsuf ficient 

utations in genes regulating the DNA damage response, 
uch as ATM and BLM , are well known to dri v e cancer
ormation ( 77 , 78 ), which provides a compelling paradigm 

o directly implicate single-allele mutations of the SMC5 / 6 

omplex in cancer development. Consistent with this view, 
aplo-insufficiency of NSMCE2 was recently shown to be 
ssociated with higher incidence of tumor formation and 

v erall poor survi val in a murine model of cancer ( 26 ).
aken together, this data supports the view that clinically 

elevant single-allele muta tions af fecting evolutionary con- 
erved domains of the SMC5 / 6 complex or over expr ession 

f some of its components likely contribute as dri v er muta- 
ions for cancer initiation and / or progression. 

How might defects in the SMC5 / 6 complex contribute to 

ancer initiation and / or maintenance? Hints of the possi- 
le answer to this question come from our observation that 
MC5 / 6-defecti v e cancers show dramatically altered ploidy 

e v els. It is now widel y a pprecia ted tha t changes in the chro-
osome contents of cells, in particular aneuploidy ( 1–4 ), 

reate a substantial burden on many cellular processes and 

an promote cancer de v elopment. For instance, high le v el of 
neuploidy is a major driving force for prostate cancer de- 
 elopment, is indicati v e of a higher e xtent of aggressi v eness
n primary prostate cancers ( 79 ) and can confer resistance to 

hemotherapy ( 80 , 81 ). Our wor k re v ealed that patients with
ltered SMC5 / 6, particularly with altered NSMCE2 , have 
igh aneuploidy scores in prostate and breast cancers, which 

utlines a likely mechanism by which SMC5 / 6 complex mu- 
ations can promote cancer de v elopment. Interestingly, de- 
ects in SMC5 / 6 activity might also provide a unique win- 
ow of opportunity for cancer treatment. Extensi v e analy- 
is of genetic interaction networks in yeast have identified 
e v eral synthetic lethal interactions connecting members of 
he SMC5 / 6 complex with proteins involved in the resolu- 
ion of DNA replication damage. Many of these proteins 
ave clear homologs in higher eukaryotes and are known 

o be mutated in se v eral human cancers ( 26 , 82 , 83 ). Since
any genetic interactions are conserved in eukaryotes, we 

ropose that synthetic lethal partners of the SMC5 / 6 com- 
lex –particularly those involved in the repair of DNA repli- 
ation damage– are likely to be effecti v e targets for thera- 
eutic intervention in cancers harboring mutations in the 
MC5 / 6 complex. This prediction is further supported by 

ur observa tion tha t y east str ains carrying cancer-specific 
utations in its SMC5 / 6 complex are highly sensiti v e to 

 eplication-str ess induced by HU. Since HU and its deriva- 
i v es hav e been shown to be effecti v e anti-cancer drugs with
inimal side effects ( 84–87 ), we predict cancers harboring 

utations in SMC5 / 6 complex components would respond 

ell to this drug or other types of DNA replication stressors 
e.g. CHK1 inhibitors) ( 87 ). 

In conclusion, our work demonstrates the pervasive- 
ess of mutations affecting the SMC5 / 6 complex in di- 
erse human cancers and strongly suggests that patients 
arboring SMC5 / 6-defecti v e cancers would benefit from 

r ecision / genotype-targeted tr eatment modalities focused 

n creating synthetic lethality connected to DNA replica- 
ion str ess. Futur e efforts will be r equir ed to faithfully ma-
ipulate specific functional pathways connected with the 
MC5 / 6 complex and leverage that knowledge to develop 

etter diagnostic procedures and therapeutic agent to treat 
uman cancers. 
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